The aim of this work was focused exclusively to clarify the diversification of tensile ductility between the friction stir processed (FSPed) casting and forging AlSiCuNi heat resistant piston alloy. Experimental results show that though a single-pass FSP can improve tensile ductility of hot forging piston alloy, but still not enough to achieve sufficient refinement. Microstructural refining and homogenization will play an important role on the variation of tensile properties, also governed by the particles dissolution effect of Al 3 CuNi (¤ phase) after performed friction stir process resulted in disappearance of the potential nucleation sites for precipitation. The present investigations through conducted different combination of abovementioned casting, extrusion-forging and FSP process to verify the variation of tensile deformation behavior and tensile ductility.
Introduction
Wear or heat resistance of aluminum piston alloys can be improved by increasing particulate reinforce phase, 1, 2) as the eutectic aluminum alloys possessing excellent castability are of particular interest due to the maturation of gravity casting and forging technique. It is well known that the mechanical properties of gravity casting piston can be improved by lowering Si content and combining some thermal mechanical processing as like additional hot extrusion and forging process to illuminate coarse Si phase (70 µm). Recently a novel friction stir processing (FSP) has been considered to acquire further refinement of Si phase for casting alloy at a specific location.
37) It should be noted, through abovementioned thermal mechanical process combination, the embedded reinforcements could be modified among the variety of particle morphology. However, an eutectic AlSi casting aluminum alloy which copes with selected different subsequent thermal mechanical process will exhibit diversification of tensile properties. In this study, a heat resistant Al 12Si3Cu2Ni eutectic piston alloy was chosen to examine the effect of different thermal mechanical process combination on tensile properties.
In general, this kind of piston alloy can be recognized as an in-situ composite material due to contain large amount of Si particle phase and comparatively small amount of ¤ (Al 3 CuNi) and Q (Al 5 Cu 2 Mg 8 Si 6 ) phase, which can acquire greater wear and heat resistance because of the presence of reinforcement particles. Especially these particle phase thermally stable up to 500°C that is beneficial for high temperature and wear application. 8, 9) It should be noted that though the matrix could be reinforced with hard particles to acquire higher yield strength, inevitable disadvantage of low ductility will be introduced due to the existence of inadequate morphology of Si particles and other intermetallic fine particles. As the tensile ductility is governed by a number of factors such as processing history, matrix constitution, average grain size, volume fraction and morphology of the reinforcement, many previous reports 1016) have properly applied thermal mechanical process to acquire more homogeneous microstructure to overcome the severe loss of tensile ductility.
On the other hand, the alloy used in this investigation is not only possessed excellent castability but also can be strengthened by artificial aging. 15, 16) The casting microstructural feature of this alloy contains interdentritically several primary phases including eutectic Si, ¤ (Al 3 CuNi),¸1 (Al 9 FeNi) and Q (Al 5 Cu 2 Mg 8 Si 6 ) particles. With regard to the thermo-expansion ability of reinforcement could be improved by adding Si and Ni alloy element pertaining to bear a fair amount of hard particle phases.
11) Both eutectic Si phase and intermetallic particle phase are inevitable brittle phase that embedded in the interdendritic area as an eutectic phase during solidification process. The particle size and dispersion of this particle reinforcement will cause significant deterioration of tensile ductility 1722) due to the stress concentration effect.
However, friction stir process is an efficient method to refine microstructures to acquire a specific region which is characterized by fine and equiaxed recrystallized grains. Due to its uniqueness, many researchers had tried to clarify the microstructural feature and related mechanical properties, 2022) changes in mechanical properties have usually been explained in terms of factors such as grain size, dispersed particles homogeneity, structural stability at elevated temperature, precipitates dissolution and textural anisotropy. Particularly, some references concern multi-pass related mechanical properties of FSPed samples at an identical base metal, it is necessary to clarify the effect of FSP on the variation of tensile properties. The aim of this investigation is especially to clarify the tensile response between the friction stir processed casting and hot-forging piston alloy under an identical FSP and heat-treatment condition.
Experimental Procedure
In this study, the Si content of adopted alloy was near eutectic point (11.3 mass%). The copper and nickel contents were 3.4 and 2.3 mass% respectively. The chemical compo-sition as listed in Table 1 . The alloy elements in molten aluminum will be dispersed homogeneously by "ElectroMagnetic Stirring" pass at positive stir director with a current of 150 A for 15 min at 690°C. And the piston samples were prepared from the permeant mold gravity casting (annealed at 480°C), and hot-top continuous casting billet followed by extrusion and forging at 450 and 400°C respectively. For simplicity, these different samples are abbreviated as C-O and C-E-F (C-O for fully annealed casting sample and C-E-F for the specimen combining the extrusion and forging) alloys under an identical chemical composition. All different specimens were cut and machined from piston sample, and also for subsequent friction stir processing which abbreviated as C FSPed and C-E-F FSPed respectively. The friction stir processed specimens for tensile test were solution heat treated at 495°C for 8 h and artificial aging heat treatment at 170°C for 12 h; they were abbreviated as C-FSPed T6 and C-E-F FSPed T6.
FSP was operated at a rotation speed of 1040 rpm, a feed rate of 90 mm/min with a downward pressure of 43.4 MPa, and the tilt angle was 1.5°. The illustration of FSP is shown in Fig. 1 . The microstructures of the base materials and the SZ regions of FSP performed through the cross-section which was normal to the extrusion direction were observed by OM and SEM. Optical microscopy was employed to examine the grain structure and grain size before and after FSP. The samples for optical observation were etched in Keller's reagent for 5 s. The dimension of tensile specimen is illustrated in Fig. 1 and the initial strain rate of tensile test is 3.3 © 10 ¹3 s ¹1 . Tensile properties were collected from at least three test results. The test direction was along the feeding direction for friction stir processed specimens.
Results

Effect of single pass FSP on the diversification of
tensile deformation behavior in between casting and forging piston According to the feature of tensile flow curves which are coordinated with modified true plastic strain vs. true stress as shown in Fig. 2 , the C-O and C-E-F samples exhibit diversification in their tensile flow curve feature. For example, the amount of work hardening abstracted from tensile flow curves are plotted in Fig. 3 . It is clear that the work hardening rate of C-E-F FSP and C FSP specimen rises more significantly from the initial tensile deformation stage than other samples.
With regard to the effect of single pass FSP on the tensile ductility in between casting and forging piston, as the FSP is a well known thermal mechanical process to improve ductility, it is often utilized to homogenize the heterogeneous microstructure. In the present investigations, to compare with the tensile ductility of the single pass FSPed casting specimen (C FSP) with hot forging specimen (C-E-F FSP), the latter one can be significantly improved as shown in Fig. 4 , although the microstructure of the former (C FSP) specimen also have been homogenized and refined (Fig. 5) .
It is well known that the tensile ductility of particle reinforced composite alloys can be correlated with their particle size and homogeneity of reinforcement. The homogeneity of reinforcement is responsible for the tensile ductility, based on fracture pattern examined by SEM as shown in Fig. 5 . The well refined and homogenized microstructure could be further achieved by C-E-F FSP. It should (a) (b) be noted from Fig. 4 that the tensile ductility of C FSP sample is significantly smaller than that of C-E-F FSP sample. On the other hand, from Fig. 3 , the work hardening rate of C FSP is significantly larger than C-E-F FSP specimen from the initial stage of tensile deformation. It can infer that the inhibition of refinement and homogenization of particle morphology is attributed to work hardening behavior, which associates with the insufficient thermal mechanical deformation degree. For understanding the difference of tensile ductility, the work hardening behavior of all specimens can be easily seen in Fig. 3 . It is meaningful to compare the dependence of true plastic strain on the amount of work hardening rate in spite of the specimen experienced different process combination. It is confirmed that the factors responsible for work hardening behavior which also are the microstructural homogeneity and refinement of reinforced particle pertaining to the abovementioned process combination. However, the microstruc- tural homogeneity and the uniformly distributed fine reinforcements embedded in matrix of C-E-F FSPed specimen are beneficial to further achievement of higher tensile ductility. It is closely related to the characteristics of tensile deformation behavior as shown in Fig. 2 , as the diversification of tensile flow curve between C-E-F and C-E-F FSP specimen can be clearly recognized.
3.2 Clarification the aged hardening effect on the tensile ductility of FSPed casting and forging specimen under an identical T4/T6 aging condition A solid solution heat treatment and artificial aging conducted to further examine the microstructure related strengthening effect which caused by different process combination. For example, the C FSPed T6 sample exhibited more significant deterioration in tensile ductility compared with the C-E-F FSPed T6 sample, under an identical T4/T6 heat treatment condition (Fig. 4) . Figure 4 commonly shows that the T4/T6 heat treatment results in a significant increase in yield stress and significant decrease in tensile ductility. This comparison can remove the variation of thermal mechanical effects and create a similar matrix condition due to a complete dissolution of the precipitation hardening precipitates during T4/T6 heat treatment. However, compare to the specimen without performing FSP, very little difference could be recognized in the yield strength of friction stir processed specimens and it implies that the difference of precipitation hardening behavior will play a dominant role on yield strength.
Fracture feature of the tensile specimens was observed by SEM, all different samples commonly showed dimple pattern that indicating the specimens mainly dominated by a ductile failure mechanism. A typical difference between C FSP and C-E-F FSP was shown in Fig. 5 , the fracture feature of C FSP specimen shows a bimodal distribution with smaller dimples and cleavage fractured particles. These cleavage fractured particles are associated with coarse Si, ¤ (Al 3 CuNi) and¸1 (Al 9 FeNi) phase reinforcements, whereas smaller dimples are associated with ductile fracture of matrix. As the obvious bimodal fracture pattern is due to the coexistence of incipient coarse Si and other intermetallic particles which embedded in the matrix. By contrast, the fracture feature of the C-E-F FSP sample reveals substantially finer and homogeneously dispersed ductile dimples, as shown in Fig. 5 .
Effect of friction stir process on the microstructural
feature of silicon and intermetallic particle reinforced AlSiCuNi piston alloy Figures 6 and 7 show significant morphological difference among casting (C-O), extrusion plus forging (C-E-F) and single-pass processed FSP specimens. Typical dendritic structure with solidification eutectic particles is comparatively inhomogeneously dispersed within the dendrite arm spacing area, as indicated in Fig. 6 . Besides the Si particles in black-gray color, there are three different kinds of second phases that can be recognized by back scattering electron. These solidification primary phase and eutectic phase had been mainly recognized as ª (Al 2 Cu), M (Mg 2 Si), ¤ (Al 3 CuNi) and Q (Al 5 Cu 2 Mg 8 Si 6 ), it should be noted that the¸1 (Al 9 FeNi) phase can be recognized by EDS.
In this investigation, the morphological difference between C-O and C-E-F alloy can be recognized as exhibited in Fig. 6 . The coarse particles embedded in dendrite arm spacing were broken into smaller particles and could be dispersed by the combination of hot-extrusion and forging process. The particle phases such as¸1, ª, ¤ and Q as shown in C-O alloy recognized by EDS, Table 2 demonstrates the composition of abovementioned particle phases. However, the former reveals a coexistence of coarse incipient particles while the latter possesses comparatively homogeneous equiaxed refined particles, the reinforcements in C-E-F specimen are undoubtedly finer and more equiaxed.
C-O C-E-F
Based on experimental evidences as shown in Fig. 7 , no matter which different thermal mechanical process combination, the morphology of Si, ¤ (Al 3 CuNi),¸1 (Al 9 FeNi) and Q (Al 5 Cu 2 Mg 8 Si 6 ) phase in friction stir process region after a single pass FSP could acquire further refinement and dispersion. It is well known that FSP is one of efficient methods to refine microstructures due to its severe deformation at high temperature. With regard to the effect of thermal mechanical process combination on the homogenization efficiency under an identical condition of FSP, Figs. 7 and 8 show clear difference in reinforced particle phase between C FSP and C-E-F FSP. As shown in Fig. 8 , it should be noted that the former still reveals a coexistence of coarse particles (intermetallic particles), while the latter possesses substantially and comparatively homogeneous equiaxed reinforcements.
The X-ray diffraction patterns of different FSPed specimens are shown in Fig. 9 showing the existence of Si, Ni and Cu peaks despite the specimen experienced different thermal mechanical process combination, while they replaced by other IMC peaks or disappeared. The ¤ and Q phase were also confirmed by EDS analysis, which showed that the fraction of Cu and Ni tend to decrease (Table 3) as the specimens subsequently coped with FSP.
C FSPed C-E-F FSPed
On the other hand, it is well known that the matrix grain size in the casting sample was non-uniform arose from eutectic solidification and annealing, through FSP process that commonly could be homogeneously refined due to DRX phenomenon (dynamic recrystallization). For example, it should be noted that the misorientation angle distribution as Table 3 The variation of alloy elements under different thermal mechanical process history. Fig. 9 The X-ray diffraction of casting, C FSP and C-E-F FSP specimen.
(a) (b) (c) Fig. 10 The figure (a) shows the misorientation distribution of C-E-F FSP specimen, and (b) and (c) exhibit the pole figure of C FSP and C-E-F FSP specimen in (002).
shown in Fig. 10 , commonly demonstrate that the misorientation angle distribution of both FSPed specimen is estimated starting from very low angle side and demonstrate higher fraction of high-angle boundaries. And the evidence, pole figures of stir zone of C FSP and C-E-F FSP specimen shown in Figs. 10(b) and 10(c), also prove the phenomenon of randomized orientation distribution of crystallographic lattice planes after FSP. The color and number change of the pole figures will be distinguished for the pole intensity under different detecting angle, while the dark color (large number) means stronger pole intensity but light color (small number) is weakness.
Discussion
The present study confirmed that an additional single-pass friction stir processed specimen (C-E-F FSPed) exhibited further improvement in tensile ductility of heat resistant piston alloy. 23) From Fig. 4 , the further ascending of tensile elongation of C-E-F FSPed specimen could be acquired as the piston alloy coupled with hot extrusion and forging process. In addition, Figs. 6 and 7 commonly indicated that FSP resulted in further breakup of brittle particles and dendritic ¡-Al matrix. Especially the aspect ratio and average particle size of Si particles could be further refined (<10 µm), due to FSP can introduce intensified stirring effect; destroy the coarse and heterogeneous phases pertaining to minimize the microstructural stress concentration problem.
But Fig. 7(a) clearly exhibits that the microstructural feature in C FSP sample still showing a fair amount of coarse particles, obviously that is resulted from insufficient stirring condition. The microstructural feature of C FSP specimen after single-pass friction stir process, exhibited that though the matrix grain size have been well refined due to dynamic recrystallization, but the resultant reinforcement morphology could not be successfully dispersed and refined, subsequently the material will suffer from the disadvantage of tensile ductility which arises due to following reasons: (1) brittle interfacial reaction, (2) poor wettability and (3) insufficient homogeneity of reinforcement.
Furthermore, based on previous report investigated by Z. Y. Ma et al., 23) even the coarse Mg 2 Si precipitates in a as cast AlSiMg alloy specimen tend to disappear after FSP. Based on the experimental data as shown in Table 3 in this investigation, it is suitable to suggest that the dissolution of the Mg 2 Si precipitates will occur to affect the tensile properties. It is suitable to suggest that the dissolution of Mg 2 Si precipitates during thermal mechanical process was attributed to significantly accelerated diffusion rates and decreased diffusion distances of the solutes; thereby a supersaturated solid solution can be more easily acquired. Figure 4 shows little difference in the tensile yield strength of the T4/T6 FSPed specimens, even those were coupled with different kind of thermal mechanical process. It is also reasonable to suggest that most of the solutes were supersaturated in the ¡-Al matrix resulted in an identical age hardening condition. Based on abovementioned experimental results obtained from T4/T6 specimens (Fig. 4) .
Based on our previous report, 24) a friction stir processed Al4Cu2Ni aluminum alloy (2218) possessed very similar matrix structure as the material used in this investigation, during tensile deformation numerous tangled dislocations occur initially, and subsequently the subgrains will form preferentially near the broken Ni containing particles or submicron particles. However, elimination of the tangled dislocation and the separation of the broken particles could be recognized, resulting in a very fine subgrain structure with submicron particles (0.10.2 µm) distributed intergranulary pertaining to the promotion of dissolution. Consequently, it is suitable to suggest that the friction stir processed specimens can introduce fine subgrains with intergranular and intragranular submicron Ni containing Al 7 Cu 4 Ni and Al 3 CuNi IMC particles. Abovementioned experimental results may also provide a basis for the understanding of dissolution effect on the material used in this investigation with various combination of thermal mechanical process.
For verification, an investigation of multi-pass FSP test was also conducted to examine the effect on the tensile ductility of FSP material and a further improvement actually could be achieved due to multi-pass as shown in Fig. 11 . The microstructural feature of the second pass specimen demonstrate very little coarse particles embedded in the friction stir processed casting alloy (C-FSP), this experimental evidences can be used to confirm that the insufficient refinement of Si particles will play a dominant role on the deterioration of tensile ductility of the friction stir processed specimen.
Conclusions
(1) A single-pass FSP can improve tensile ductility of hot forging AlSiCuNi eutectic piston alloy, but still not enough to achieve sufficient refinement and homogenization of particle phase from a casting piston alloy. From the fracture feature, a bimodal reinforcement particle could be recognized in the friction stir processed cast base metal and experimental evidence confirmed this kind of inhomogeneous morphology inhibits the tensile ductility improvement. (2) The matrix grain commonly could be refined by singlepass FSP, but the microstructural homogeneity of reinforcements can not be acquired by performing Fig. 11 The total elongation of Al11Si3Cu2Ni alloy coupled with different pass.
single pass FSP from casting sample due to insufficient thermal deformation degree. (3) An identical T4/T6 heat treatment can govern the solid solution concentration and the subsequent age hardening behavior, the characteristics and effect of particle morphology resulting from FSP of AlSiCuNi casting and forging piston could be recognized that play an important role on the tensile ductility improvement of this piston alloy.
